Sodium salicylate (1,000 ,ug/ml) was delivered through a drip irrigation system to agricultural field soils planted to tomato and infested with Pseudomonas putida PpG7, the host of the salicylate catabolic plasmid NAH7. In nonfumigated soils infested with approximately 103 CFU of PpG7 per g in the top 30 cm, population densities were increased up to 112-fold within 14 days of the initial application of salicylate compared with the densities in the respective nonamended soils. Mean season-long population densities of PpG7 in the top 30 cm of soil were significantly increased (P < 0.01) from 216 CFU/g in nonamended soils to 1,370 CFU/g in salicylate-amended soils. In the respective rhizosphere soils, mean population densities of PpG7 were significantly increased (P < 0.01) from 92 to 2,066 CFU/cm of root. Soil fumigation interacted (P < 0.01) with salicylate amendment and further increased the mean population densities of PpG7 in nonrhizosphere soil by an additional 5,689 CFU/g of soil. This fumigation effect was not detected in rhizosphere soils. The effect of salicylate in increasing population densities of PpG7 in soil also was affected by inoculum level, field site, and soil depth. Proportionate differences were greater in soils infested with approximately 103 CFU of PpG7 per g than in comparable soils infested with 105 CFU/g. In low-inoculum soils, increases from salicylate amendments were 26-and 29-fold in rhizosphere and nonrhizosphere soils, respectively, and in high-inoculum soils, the respective increases were 5.6-and 5-fold. No increases of fungi able to utilize salicylate were detected in soils amended with salicylate. However, soil fumigation with metham-sodium significantly reduced (P < 0.01) population densities of fungal salicylate utilizers in rhizosphere and nonrhizosphere soils.
The activities and population densities of bacteria generally decline with time after their application to soil. Consequently, beneficial responses such as plant growth promotion, suppression of plant pathogens, and bioremediation of recalcitrant compounds are usually of short duration (12, 16, 17) . Therefore, it is important that methods be developed to prolong the persistence and impact of introduced bacteria. Research published elsewhere showed that the addition of a selective carbon source to soil enhanced respiration and growth of Pseudomonas putida PpG7 in microcosms containing agricultural field soils but that there was not a good correlation between activity and population density (6) . Activity measured by evolution of CO2 peaked within 18 to 24 h and decreased rapidly, whereas the peak population density was maintained. The catabolic plasmid NAH7 (8) enabled P. putida PpG7 to utilize salicylate as a sole source of carbon in soil, whereas the indigenous bacteria could not. Indigenous fungi utilized salicylate, but strain PpG7 competed well for the substrate in the presence of these fungi. For example, in four soils representing a range of textures and organic matter contents, population densities of PpG7 increased from approximately 104 to approximately 108 CFU/g of soil when salicylate was added by using a different system. Ogunseitan (14) reported that as little as 16 ,ug of salicylate caused a significant increase in the amount of nah-related genes of bacteria in naphthalene-polluted soil.
Since laboratory microcosms reflect only a subset of environmental factors found in nature (17) , experiments were undertaken to validate the response of PpG7 to salicylate addition under field conditions. The purpose of this * Corresponding author. study was to determine the efficacy of this strategy in natural and fumigated soils plarted to tomato and infested with low and high population densities of the target bacterium PpG7.
MATERIALS AND METHODS
Bacterial strain and inoculum preparation. P. putida PpG7 (ATCC 17485) (8, 19) was used in this study. Culture and inoculum preparation were the same as reported elsewhere (6). King's medium B (10) and Ayers' minimal medium (2) were used to isolate bacteria.
Experimental design of the population study. Experiments were done at the University of California South Coast (SC) and West Side (WS) Research and Extension Centers near Irvine and Huron, Calif., respectively. Soil types were described by Colbert et al. (6) . Investigations were done during the summers of 1990 (SC) and 1991 (WS). Methamsodium, sodium salicylate, and bacterial inocula were applied through a drip irrigation system to five replicate onerow plots arranged in a randomized complete block design (4, 5, 20 Root samples were shaken free of loose soil, and up to 10 secondary roots were excised from the taproot. One-centimeter segments were removed from each secondary root at the taproot proximal end, the middle, and the taproot distal end. The root segments were bulked by segment site (proximal, median, terminal) in 10 ml of PB and agitated with a vortex mixer for 1 min, and the washings were serially diluted in 9-ml PB blanks. Two 50-,l subsamples from each dilution were then spotted onto separate plates of Ayers' minimal medium (2) containing 10 Mean population densities presented in the text are averages of transformed data pooled from all sample dates and soil depths or root segments unless otherwise noted. Results presented in figures are season-long or individual sample date averages of transformed data for each sample site + standard errors of the means. The means for treatments with low inoculum were from WS data, and those with high inoculum were from SC and WS data. There were five replicates per sample, three sample positions, and five and eight sample dates at SC and WS, respectively.
RESULTS
Authentication of strain PpG7. The phenotypes of 1,000 soil isolates of putative PpG7 including those from Colbert et al. (6) were combined and tested for carbon and nitrogen utilization patterns (9) . There was complete correlation between presumptive identification of PpG7 on MMsal and identification by phenotypic tests. There was no indication of plasmid transfer to other pseudomonads. Isolation of other naphthalene-utilizing bacteria was negligible. In a few isolations, including those from plots amended with salicylate without PpG7, other naphthalene-utilizing bacteria were found. These had entirely different colony morphologies and were easily distinguished from PpG7.
Effect of salicylate on population densities of PpG7 in low-inoculum soils. The population densities of strain PpG7 in low-inoculum nonrhizosphere soils at WS 1 week after introduction through drip lines were approximately 11,000, 450, and 900 CFU/g soil at 5-, 15-, and 30-cm depths, respectively. Population densities of PpG7 were increased up to 207-and 112-fold in fumigated and nonfumigated soils, (0) plots. Sodium salicylate was added at 1,000 ,Lg/ml in the irrigation water on dates indicated by triangular markers along the x axis. The detection limit of PpG7 in soil was approximately 100 CFU/g. respectively, within 14 days of the first application of salicylate (Fig. 1) . Comparison of season-long means derived from data pooled from all sample dates and depths revealed that amendments of salicylate resulted in significantly greater (P < 0.01) mean population sizes of PpG7 in both fumigated and nonfumigated soils. Season-long means were 7,059 and 243 CFU/g of soil in salicylate-amended and nonamended fumigated plots, respectively, and 1,370 and 216 CFU/g of soil in the respective amended and nonamended nonfumigated plots. Multiple comparisons (P = 0.05) of season-long population means indicated that amendments of salicylate significantly increased population densities of PpG7 at all sample depths except at 15 cm in nonfumigated soil (Fig. 2) . However, a significant interaction (P = 0.02) indicated that the population increase caused by salicylate amendment was affected by sample depth. As shown in Fig. 2 , a greater increase in population density occurred at a 5-cm depth than at a 15-or 30-cm depth in soils amended with salicylate. Analysis of the data in Fig. 2 also indicated a significant interaction (P < 0.01) between fumigation and salicylate treatments. The mean population densities of PpG7 in salicylate-amended soils increased more in fumigated plots (6,815 CFU/g) than in nonfumigated plots (1,154 CFU/g).
The effect of salicylate in increasing population densities of PpG7 was also evident in rhizosphere soils. Population densities in tomato rhizospheres in both fumigated and nonfumigated plots amended with salicylate were increased up to approximately 37-fold compared with population densities in nonamended plots within 7 to 14 days of the initial application of salicylate (Fig. 3 ). An analysis of season-long means derived from data pooled from all sample dates and root segments (Fig. 4) indicated that amendments of salicylate to soil resulted in significantly greater (P < 0.01) population densities of PpG7 throughout the season. Mean season-long population densities of PpG7 were 2,413 and 94 CFU/cm of root in fumigated soils amended and not amended with salicylate, respectively. In the respective nonfumigated rhizosphere soils, the population densities were 2,066 and 92 CFU/cm of root. The data in Fig. 4 Although the response of PpG7 to salicylate amendment at WS was similar in high-inoculum soil to that shown in Fig. 1 for low-inoculum soil, proportionate increases were greater in low-inoculum soils. However, the overall increase in CFU was much greater in high-inoculum soils. The mean differences in amended and nonamended rhizosphere soils (pooled root segments) were 1.41 and 0.75 log1o CFU/cm of root in low-inoculum (26-fold increase) and high-inoculum (5.6-fold increase) soils, respectively. The respective differences in nonrhizosphere soils were 1.46 and 0.70 log1o CFU/g in the low-inoculum (29-fold increase) and highinoculum (5-fold increase) plots. These proportionate increases in population densities of PpG7 in low-inoculum plots were significantly greater (P < 0.01) in both rhizosphere and nonrhizosphere soils than in high-inoculum plots.
Analysis of effect of field site on population dynamics of
PpG7. An analysis of the effect of field site on population dynamics of PpG7 was made by comparing the results of identical high-inoculum fumigated plots at WS and SC (Fig.  5) . When data from all soil depths were pooled, an analysis indicated that population densities were significantly less (P < 0.01) at WS than at SC in both amended and nonamended soils. However, pooling of data masked a significant interaction (P < 0.01) between field site and sample depth. between the population densities at WS (18% sand) and SC (75.5% sand) for nonamended soils, whereas at the 15-and 30-cm depths, population densities at WS were significantly lower (P = 0.01) than those at SC. Results in salicylateamended soils were similar, except that the population density was significantly greater at the 5-cm depth at WS than at SC.
Field site also had a significant effect on rhizosphere populations. Pooling of data from all root segments indicated that population densities of PpG7 were significantly less (P < 0.01) at WS than at SC in nonamended soils. However, there was a significant interaction (P < 0.01) between salicylate treatment and field site (Fig. 6) . Whereas mean season-long population densities of PpG7 in nonamended rhizosphere soils were less at WS than at SC, populations of PpG7 at WS and SC were statistically the same when salicylate was added to the soil.
Effect of salicylate amendment and soil fumigation on population densities of salicylate-utilizing fungi. Analysis of pooled data from all soil depths and root segments revealed that the addition of salicylate did not increase season-long mean population densities of fungal salicylate utilizers in soil (Fig. 7) or on roots (Fig. 8) at WS. However, mean population densities of salicylate-utilizing fungi in soil and on roots were significantly reduced (P < 0.01) by fumigation with metham-sodium. Season-long mean fungal population densities from data pooled from fumigated soils were 180 and 1,000 CFU/g in rhizosphere and nonrhizosphere soils, respectively. The 
DISCUSSION
Field data collected over 2 years from different locations have shown that application of a specific carbon source enhanced the population densities of an introduced bacterial strain in soil and on plant roots. This extends the results of other laboratory studies indicating that salicylate amendment selectively increased the metabolic activity and population growth of P. putida PpG7 in soil microcosms (6, 14) . Although the metabolic status of PpG7 was not directly measured in the field, population increases in salicylateamended soils presumably reflected metabolic activity. Ogunseitan et al. (14) isolated nah mRNA transcripts from salicylate-degrading strains 30 days after inoculation. This indicated that bacteria were still metabolically active. This is important because enhancement of active processes, such as colonization and production of antibiotic compounds, will lead to more effective use of beneficial organisms such as plant growth promoters and bioremediation agents.
Ecological niches can support only a finite amount of biomass, and increasing the level of a specific substrate ultimately reaches the point where there is no effect because of other limiting factors (11) . Thus, the seeding of soil or inoculation of plant parts with high-density inocula prevents accurate determinations of the ability of a strain to grow. Thus, if the environmental parameters are equal, a small initial population of a bacterium will increase relatively more than a large initial population. Indeed, the mean population densities of PpG7 in salicylate-amended soils at WS were increased 29-fold in low-inoculum plots compared with 5. 
